OCH, a sphingosine-truncated analog of a-galactosylceramide (aGC), is a potential therapeutic reagent for a variety of Th1-mediated autoimmune diseases through its selective induction of Th2 cytokines from natural killer T (NKT) cells. We demonstrate here that the NKT cell production of IFN-g is more susceptible to the sphingosine length of glycolipid ligand than that of IL-4 and that the length of the sphingosine chain determines the duration of NKT cell stimulation by CD1d-associated glycolipids. Furthermore, IFN-g production by NKT cells requires longer T cell receptor stimulation than is required for IL-4 production by NKT cells stimulated either with immobilized mAb to CD3 or with immobilized "aGC-loaded" CD1d molecules. Interestingly, transcription of IFN-g but not that of IL-4 was sensitive to cycloheximide treatment, indicating the intrinsic involvement of de novo protein synthesis for IFN-g production by NKT cells. Finally, we determined c-Rel was preferentially transcribed in aGC-stimulated but not in OCH-stimulated NKT cells and was essential for IFN-g production by activated NKT cells. Given the dominant immune regulation by the remarkable cytokine production of ligand-stimulated NKT cells in vivo, in comparison with that of (antigen-specific) T cells or NK cells, the current study confirms OCH as a likely therapeutic reagent for use against Th1-mediated autoimmune diseases and provides a novel clue for the design of drugs targeting NKT cells.
Introduction
Natural killer T (NKT) cells are a unique subset of T lymphocytes that coexpress the α/β T cell receptor (TCR) along with markers of the NK lineage such as NK1.1, CD122, and various Ly49 molecules. Most NKT cells express an invariant TCRα chain composed of Vα14-Jα281 segments in mice and Vα24-JαQ segments in humans associated with a restricted set of Vβ genes (1, 2) . Unlike conventional T cells, which recognize peptides presented by MHC molecules, NKT cells recognize glycolipid antigens such as α-galactosylceramide (αGC) in the context of a nonpolymorphic MHC class I-like molecule, CD1d (3) (4) (5) . After being stimulated by a ligand, NKT cells rapidly affect the functions of neighboring cell populations such as T cells, NK cells, B cells, and dendritic cells (6, 7) . The various functions of NKT cells are mediated mainly by a rapid release of large amounts of cytokines, including IL-4 and IFN-γ. Whereas IFN-γ provides help for the Th1 responses required for defending against various pathogens and tumors, IL-4 controls the initiation of Th2 responses and has been shown to inhibit Th1-mediated autoimmune responses involved in experimental autoimmune encephalomyelitis (EAE), collagen-induced arthritis (CIA), and type 1 diabetes in NOD mice.
Given the exceptional ability of NKT cells to secrete regulatory cytokines in comparison with that of T cells or NK cells after primary stimulation, we have explored the possibility that ligand stimulation of NKT cells may lead to the suppression of Th1-mediated autoimmune diseases. We have previously demonstrated that OCH, a sphingosine-truncated analog of αGC, preferentially induces Th2 cytokines from NKT cells and that administration of OCH suppresses EAE and CIA by inducing a Th2 bias in autoantigen-reactive T cells (8, 9) . However, the molecular mechanism accounting for the unique property of OCH to selectively induce IL-4 has not been clarified yet.
In this study, we used various stimuli, including the prototypic ligand αGC and its derivatives such as OCH, to investigate the molecular basis of the differential production of IL-4 and IFN-γ by NKT cells. We found that OCH, due to its truncated lipid chain, was less stable in binding the CD1d molecule than was αGC and exerted short-lived stimulation on NKT cells. IFN-γ production by NKT cells required longer TCR stimulation than was required for IL-4 production and de novo protein synthesis. c-Rel was preferentially transcribed in αGC-stimulated, but not in OCH-stimulated NKT cells and was shown to regulate IFN-γ production by NKT cells. Taken together, these results indicate that sustained TCR stimulation and concomitant c-Rel expression by αGC leads to the production of IFN-γ, whereas short-term activation and marginal c-Rel transcription by OCH results in preferential production of IL-4 by NKT cells. plasmacytoma cell lines expressing the Kb tail mutant of CD1d (11) were kindly provided by S. Joyce (Vanderbilt University, Nashville, Tennessee, USA). Cells were maintained in RPMI 1640 medium supplemented with 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin/ streptomycin, 2 mM sodium pyruvate, and 50 μM β-mercaptoethanol (complete medium). Phycoerythrin (PE)-labeled mAb to NK1.1 (PK136), peridinine chlorophyll protein/cyanine 5.5 -labeled mAb to CD3 (2C11), and recombinant soluble dimeric human CD1d:Ig fusion protein (DimerX I) were from BD PharMingen (San Diego, California, USA). For some experiments mAb's to NK1.1 (PK136) and CD3 (2C11) were conjugated with FITC. Polyclonal antibody to asialo GM 1 was purchased from WAKO Chemicals (Osaka, Japan). The pRc/CMV-c-Rel expression plasmid (12) was a generous gift from Grundström (Umeå University, Umeå, Sweden). The open reading frame of c-Rel cDNA was amplified by PCR and cloned into the retroviral pMIG(W) vector. The forward primer containing the XhoI recognition site was 5′-GACTCTCGAGATGGCCTCGAGTG-GATATAA-3′ and the reverse primers used for wild-type c-Rel or the dominant negative mutant c-RelΔTA containing EcoRI recognition sites were 5′-GACTGAATTCTTATATTTTAAAAAAACCATATGT-GAAGG-3′ and 5′-GACTGAATTCTTAACTCGAGATGGACCCG-CATG-3′, respectively. The retroviral vector (pMIG) and packaging vector (pCL-Eco) were kindly provided by L. Van Parijs (Massachusetts Institute of Technology, Cambridge, Massachusetts, USA). Cyclosporin A (CsA) and cycloheximide (CHX) were from SigmaAldrich (St. Louis, Missouri, USA). All glycolipids were prepared as described in the Supplemental Methods (supplemental material available at http://www.jci.org/cgi/content/full/113/11/1631/ DC1). The glycolipids were solubilized in DMSO (100 μg/ml) and were stored at -20°C until use.
Kinetic analysis of glycolipid stability on CD1d molecules. The kinetic analysis of glycolipid stability on CD1d molecules was performed as described previously with slight modifications (13) . In brief, the NKT hybridoma was preincubated with 4 μM Fura red and 2 μM Fluo-4 (Molecular Probes, Eugene, Oregon, USA) at room temperature for 45 minutes, washed with RPMI 1640 medium containing 2% FCS (assay media), and resuspended in assay media. For determination of the optimal time for glycolipid loading onto CD1d + APCs, kinetic analysis was conducted using either αGC or OCH. According to the data obtained in Figure 2C , CD1d + APCs were pulsed with glycolipids (100 ng/ml) for 30 minutes. Then, cells were washed and resuspended in assay media. Glycolipid-pulsed APCs were harvested every 15 minutes after resuspension, mixed with NKT cells, and subjected to centrifugation in a table-top centrifuge (2,000 g) for 60 seconds. Cells were then resuspended briefly and analyzed for calcium influx into NKT hybridoma cells by flow cytometry (EPICS XL; Beckman Coulter, Tokyo, Japan). Activation was expressed as the percentage of Fura-red-and Fluo-4-stained cells in a high-FL1, low-FL4 gate.
In vivo glycolipid treatment and microarray analysis. Mice were injected intraperitoneally with 0.2 ml PBS containing 0.1 mg anti-asialo GM 1 Ab. Forty hours after injection, mice were injected intraperitoneally with αGC, OCH (100 μg/kg), or control vehicle in 0.2 ml PBS. After the indicated time point, liver mononuclear cells or spleen cells were harvested and NKT cells were purified with the AUTOMACS cell purification system using FITC-conjugated mAb to NK1.1 (PK136) and anti-FITC microbeads (Miltenyi Biotech GmbH, Bergisch Gladbach, Germany). The purity of NKT cells in the untreated samples and in the samples treated for 1.5 hours was more than 90%. The purity of the liver-derived samples and spleen-derived samples treated for 12 hours was more than 80% and 74%, respectively. Total RNA isolation with the RNeasy Mini Kit (Qiagen, Chatsworth, California, USA) and whole-microarray procedures using U74Av2 arrays (GeneChip System; Affymetrix, Santa Clara, California, USA) were done according to the manufacturers' instructions. From data image files, gene transcript levels were determined using algorithms in the Gene Chip Analysis Suit software (Affymetrix). Each probe was assigned a "call" of present (expressed) or absent (not expressed) using the Affymetrix decision matrix. Genes were considered to be differentially expressed when (a) expression changed at least threefold in the case of liver NKT-derived samples or twofold in the case of spleen NKT-derived samples compared with the expression in the negative control and (b) increased gene expression included at least one "present call."
In vitro stimulation. Liver mononuclear cells were isolated from B6 mice by Percoll density gradient centrifugation and were stained with PE-NK1.1 and FITC-CD3 mAb's. The CD3 + NK1.1 + cells and CD3 + NK1.1 -cells were sorted with an EPICS ALTRA Cell Sorting System (Beckman Coulter). The purity of the sorted cells was more than 95%. Sorted cells were suspended in RPMI 1640 medium supplemented with 50 μM 2-mercaptoethanol, 2 mM L-glutamine, 100 U/ml penicillin and streptomycin, and 10% FCS and were stimulated with immobilized mAb to CD3. Incorporation of [ 3 H]thymidine (1 μCi/well) for the final 16 hours of the culture was analyzed with a β-1205 counter (Pharmacia, Uppsala, Sweden). We measured the content of cytokines in the culture supernatants by ELISA. For quantitative PCR analysis, we harvested the cells after stimulation with glycolipid to prepare total RNA. Glycolipid stimulation of spleen cells in vitro was done similarly except that 1% syngeneic mouse serum was used instead of FCS. In some experiments, plates were coated with DimerX I (1 μg in 50 μl PBS per well) for 16 hours. After plates were washed extensively with PBS, glycolipids (100-200 ng in 50 μl PBS per well) were added, followed by incubation for another 24 hours. Then, NKT cells were added and cytokine production was analyzed after 72 hours of incubation.
Real-time PCR to monitor gene expression. Real-time PCR was conducted using a Light Cycler-FastStart DNA Master SYBR Green I kit (Roche Diagnostics GmbH, Mannheim, Germany) according to the manufacturer's specifications using 4 mM MgCl 2 and 1 pM primers. Values for each gene were normalized to those of a housekeeping gene (GAPDH) before the "fold change" was calculated (using crossing point values) to adjust for variations between different samples. Primers used for the analysis of gene expression are described in Supplemental Methods.
ELISA. For evaluation of cytokine production by NKT cells, sorted liver CD3 + NK1.1 + NKT cells were stimulated with immobilized mAb to CD3 in complete medium. The level of cytokine production in cell culture supernatants or in serum was determined by standard sandwich ELISA using purified and biotinylated mAb sets and standards from BD PharMingen. After the addition of a substrate, the reaction was evaluated using a Microplate reader (BioRad).
Retroviral infection of NKT cells. The 293T cells were maintained in DMEM supplemented with 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin/streptomycin, 2 mM sodium pyruvate, and 50 μM β-mercaptoethanol. Liver mononuclear cells were purified and cultured in complete medium supplemented with IL-2 (200 U/ml) for 24-48 hours. Cells were infected with retrovirus prepared by cotransfection of pMIG retroviral vector and pCL-Eco packaging vector into 293T cells. Cells were cultured in complete medium containing IL-2 and IL-15 (50 ng/ml) continuously for 3 days, and GFP-positive NKT cells were sorted and stimulated with immobilized mAb to CD3 for 48 hours. Culture supernatants were subjected to evaluation of cytokine production by ELISA.
Results

Preferential IL-4 production by OCH-stimulated NKT cells.
The suppression of EAE by OCH was found to be associated with a Th2 bias of autoimmune T cells mediated by IL-4 produced by NKT cells (9) . To confirm the primary involvement of NKT cells in the Th2 bias seen in the OCH treatment, we purified CD3 + NK1.1 + NKT cells from B6 mice treated in vivo with αGC or OCH and measured the transcription of cytokine genes by quantitative RT-PCR. As shown in Figure 1 , treatment with αGC greatly increased the expression of both IFN-γ and IL-4 at 1.5 hours after injection, whereas OCH induced a selective increase in IL-4 expression. When the IL-4/IFN-γ ratio was used for evaluating the Th1/Th2 balance, the NKT cells, isolated at 1.5 hours after injection of OCH were distinctly biased toward Th2 (Table 1) . These results indicate that OCH is a selective inducer of rapid IL-4 production by NKT cells when administered in vivo.
Lipid chain length and cytokine production. Comparison of the structural difference between OCH and αGC ( Figure 2A ) raised the possibility that the lipid chain length of the glycolipid ligand may influence the cytokine profile of glycolipid-treated NKT cells. We compared αGC and OCH as well as newly synthesized analogs F-2/S-3 and F-2/S-7, which bear lipids of intermediate length (Figure 2A ), for their ability to induce cytokine production by splenocytes. There was good correlation between the lipid tail length of each glycolipid and its ability to induce IFN-γ from the splenocytes, and a larger amount of IFN-γ was released into the supernatants after stimulation with the glycolipids with the longer sphingosine chain ( Figure 2B , right). Regarding the ability to stimulate IL-4 production, the differences among OCH, F-2/S-3 and F-2/S-7 were less clear, as shown by IFN-γ induction. Similar results were obtained with liver mononuclear cells as responder cells (see Supplemental Figure 1 ). These results indicate that cytokine production by NKT cells, in particular IFN-γ production, is greatly influenced by lipid chain truncation of the glycolipid.
Differential half-life of NKT cell stimulation by CD1d-associated glycolipids. It is believed that the two lipid tails of the glycolipids (sphingosine base and fatty acyl chain) would be accommodated by the highly hydrophobic binding grooves of CD1d. To verify the hypothesis that the functional properties of each glycolipid may be determined by the stability of its binding to CD1d molecules, we evaluated the half-life of these glycolipids on CD1d molecules by estimating calcium influx into NKT hybridoma cells as described previously (13) . To exclude the possible involvement of endosomal/lysosomal sorting in this assay, we used APCs expressing a CD1d mutant (Kb tail) that lacks the endosomal/lysosomal targeting signal (11) . The cells express both β 2 m and sCD1d1 fused to the transmembrane and cytosolic tail sequence of H-2K b at the carboxyl terminus and could bind to glycolipids such as αGC or OCH without their internalization and following endosomal/lysosomal sorting. Based on the kinetic analysis data for glycolipid loading efficiency shown in Figure 2C , we pulsed CD1d + APCs with glycolipids for 30 minutes. Figure 2D shows that OCH was rapidly released from the CD1d molecule. A 30% reduction in calcium influx was observed after 15 minutes of incubation and only 25% of the initial amount of glycolipid remained after 60 minutes of incubation. In contrast, αGC was not released from CD1d molecule in the first 15 minutes and more than 50% of the initial amount of glycolipid remained after 60 minutes of incubation. F-2/S-3 and F-2/S-7 showed intermediate levels of release from CD1d molecule. These results support the idea that a glycolipid with a shorter sphingosine chain has a shorter half-life for NKT cell stimulation because of less-stable association with the CD1d molecule.
Kinetic analysis of cytokine production by activated NKT cells. Previous in vivo studies demonstrated that injection of αGC into B6 mice can induce a rapid and transient elevation of the serum IL-4 level and a delayed and persistent rise in IFN-γ (9, 14) , suggesting that there is an intrinsic difference in kinetics for the production of IL-4 and IFN-γ by NKT cells. To address this issue further, we sorted CD3 + NK1.1 + NKT cells, and conventional CD3 + NK1.1 -T cells as a control, from liver lymphocytes and stimulated the sorted cells with immobilized mAb to CD3 for various periods of time. The cells were then incubated at rest without further stimulation and culture supernatants were harvested at 72 hours after initiation of the TCR stimulation. We found that TCR stimulation of NKT cells for as little as 2 hours could induce detectable IL-4 in the supernatant ( Figure 3A, center) . The amount of IL-4 in the supernatant rapidly increased in proportion to the duration of TCR stimulation ( Figure 3A, center) . In contrast, production of IFN-γ by NKT cells required at least 3 hours of TCR stimulation and gradually increased corresponding to the duration of TCR stimulation ( Figure 3A , right). Conventional T cells required longer TCR stimulation for efficient cytokine production. We repeatedly confirmed that IFN-γ production by NKT cells required initial stimulation that was 1-2 hours longer and showed a slower accumulation than that of IL-4 production in this experimen- The relative amounts of transcripts of IFN-γ and IL-4 obtained from the experiment shown in Figure 1 are presented as "fold induction" relative to that of NKT cell-derived samples from untreated animals.
Figure 1
Transcriptional upregulation of cytokine genes by NKT cells stimulated with glycolipids in vivo. B6 mice were injected intraperitoneally with αGC or OCH (100 μg/kg), and liver NKT cells were isolated at the indicated time point. Total RNA was extracted and analyzed for cytokine mRNA by quantitative RT-PCR as described in Methods. Data are presented as "fold induction" of cytokine mRNA after glycolipid treatment. The amount of mRNA in NKT cells derived from untreated animals was defined as 1.
tal setting. A similar kinetic difference was also observed when we used spleen-derived NKT cells (data not shown). These results indicate that NKT cells could produce IL-4 after a shorter period of TCR stimulation than is required for IFN-γ production.
To exclude the possibility that a qualitatively different CD1d complex with either αGC or OCH may bind with altered affinity to the TCR, we stimulated NKT cells with plate-bound αGC-CD1d complexes instead of mAb to CD3 for the periods of time indicated in Figure 3B . Consistent with the previous results obtained with anti-CD3 stimulation, the level of IL-4 in the culture supernatant was increased after shorter periods of incubation. In contrast, IFN-γ was efficiently produced after longer incubation, showing that the short pulse of NKT cells with plate-bound αGC-CD1d complexes could recapitulate the OCH phenotype. These results demonstrate that the timing of the CD1d-lipid interaction rather than the "shape" of the OCH-CD1d complex is the decisive factor in controlling polarization of cytokine production by NKT cells.
Differential transcriptional properties of cytokine genes. To clarify the molecular basis for different kinetics of cytokine production by activated NKT cells, we next examined the effects of CsA or CHX on the NKT cell responses. Without any inhibitors, IL-4 production was more rapid and had a higher rate than IFN-γ production ( Figure 3C ), confirming the kinetic difference required for induction of each cytokine shown in Figure 3A . Production of both IL-4 Next, we analyzed the sensitivities of other cytokine genes to CsA and CHX treatment (15) (16) (17) . As shown in Figure 4B , transcriptional activation of all cytokine genes tested was completely blocked by pretreatment of NKT cells with CsA. Interestingly, transcription of the IL-2 gene and GM-CSF gene were blocked by CHX treatment. In contrast, transcriptional activation of TNF-α was resistant to CHX treatment. These results indicate that cytokines produced by NKT cells could be divided into two groups based on their dependence on de novo protein synthesis.
Selective c-Rel induction after stimulation with αGC. Although NKT cells secrete a large number of cytokines upon stimulation, the regulatory mechanisms for the expression of each cytokine are still poorly understood. The susceptibility of IFN-γ production to CHX indicates that some newly synthesized protein(s) would promote specific transcription of the IFN-γ gene in NKT cells. To identify the protein responsible for αGC-induced transcription of the IFN-γ gene, we purified NKT cells from glycolipid-administered I-A b β-deficient mice, which have two-to threefold higher numbers of NKT cells in the liver and the spleen than do wild-type B6 mice (18) , and assessed NKT cell-derived total RNA by microarray analysis. As shown in Table 2 , a number of cytokines and chemokines were differentially expressed after in vivo treatment with either αGC or OCH. It is noteworthy, however, that significant induction of IFN-γ transcription was observed only in αGC-treated samples, not in OCHtreated samples. Overall, the data obtained correlated well with previous results showing that OCH is a selective inducer of IL-4 production from NKT cells (9) . There was no transcriptional upregulation of cytokines genes such as the IFN-γ and IL-4 genes 12 hours after treatment with either glycolipid, indicating that NKT cells have undergone quiescence at this time point in the context of transcriptional upregulation of cytokine genes, although some genes are still upregulated. Through analyzing the microarray data, we identified the protooncogene c-Rel, a member of the NF-κB family of transcription factors, as a candidate molecule that may play a role in the IFN-γ transcription. As shown in Figure 5A , c-Rel was inducibly expressed in NKT cells 1.5 hours after stimulation with αGC. In contrast, OCH treatment did not induce c-Rel transcription ( Figure 5A ). The transcription of other NF-κB family genes such as p65/RelA and RelB was not upregulated after treatment with αGC or OCH. Real-time PCR analysis also confirmed the selective induction of c-Rel after αGC stimulation ( Figure 5B ). CsA treatment inhibited c-Rel transcription, but CHX did not ( Figure 5C ), indicating that the inducible transcription of c-Rel is directly controlled by TCR signal-mediated activation of the NF-AT (19) .
It is already known that c-Rel serves as a pivotal transcription factor for the Th1 response that would directly induce IFN-γ production in conventional T cells (20) . However, very little is known about the function of this protooncogene in NKT cells during TCR-mediated activation. We therefore conducted time course analysis for transcriptional activation of c-Rel in parallel with IL-4 and IFN-γ. We stimulated NKT cells with immobilized mAb to CD3 for 30-100 minutes and then cultured them without further stimulation for a total of 120 minutes. As shown in Figure 5D , IFN-γ expression was slightly downregulated in the first 90 minutes of TCR stimulation and was significantly upregulated when the cells were stimulated for 100 minutes. Interestingly, we found that the kinetics of c-Rel transcription were similar to those of IFN-γ transcription ( Figure 5D, right) . In contrast, transcrip- Figure 6C ). These results demonstrate that inhibition of c-Rel function, via the introduction of a mutant form of c-Rel, abolishes IFN-γ production and that functional c-Rel is important for effective production of IFN-γ in activated NKT cells.
Discussion
In this study, we investigated the molecular mechanism for differential production of IFN-γ and IL-4 by activated NKT cells through a comparative analysis using the prototypic NKT cell ligands αGC and OCH. Treatment with αGC induced expression of both IFN-γ and IL-4 simultaneously, but OCH induced selective expression of IL-4 by NKT cells. Furthermore, we demonstrated that the CD1d-associated glycolipids with various lipid chain lengths showed different half-lives for NKT cell stimulation when applied in an endosome/lysosomeindependent manner and induced the differential cytokine production by NKT cells in a lipid length-dependent manner. Accordingly, we demonstrated that IFN-γ production by NKT cells required longer TCR stimulation than did IL-4 production and depended on de novo protein synthesis. An NF-κB family transcription factor gene, the c-Rel gene, was inducibly transcribed in αGC-stimulated but not in OCH-stimulated NKT cells. Retroviral transduction of a loss-offunction mutant of c-Rel revealed the functional involvement of c-Rel in IFN-γ production by ligand-activated NKT cells. These results have provided a new interpretation of NKT cell activation -that the duration of TCR stimulation is critically influenced by the stability of each glycolipid ligand on CD1d molecules, which leads to the differential cytokine production by NKT cells.
We have previously demonstrated that administration of OCH consistently suppresses the development of EAE by inducing a Th2 bias in autoimmune T cells and that this Th2 shift is probably mediated by selective IL-4 production by NKT cells in vivo (9) . Here we directly evaluated the cytokine profile of OCH-stimulated NKT cells using quantitative PCR analysis. Consistent with the previous assumption, NKT cells stimulated with OCH induced rapid production of IL-4 but led to only marginal induction of IFN-γ, confirming the presumed mechanism for the effect of OCH on EAE and CIA. As the "fold induction" of IFN-γ transcript after 1.5 hours of stimulation with αGC in microarray analysis was relatively low (fivefold for liver NKT cells and fourfold for spleen NKT cells) compared with the in vivo data, there are several possibilities to explain these results. First, quiescent transcripts of IFN-γ pre-existing in resting Vα14-invariant NKT cells (22) may raise the baseline of signal intensity in samples from untreated animals, resulting in a relative decrease in "fold induction" after glycolipid treatment. Second, detection of IFN-γ transcription in αGC-stimulated NKT cells might not be optimal, as injection of αGC induced a rapid elevation in IL-4 with the peak value at 2 hours and a delayed and prolonged elevation in IFN-γ in B6 mice (9) . Third, αGC treatment significantly induces transcription of CD154 (18.0-fold for αGC vs. 5.4-fold for OCH; data not shown), whose promoter has a functional NF-AT binding site and CD28 responsive element (CD28RE) (23, 24) . Thus, augmented CD40/ CD154 interaction may induce IL-12 expression by APCs, resulting in additional IFN-γ production (25) . Finally, NKT cells are not necessarily the only source of IFN-γ after in vivo stimulation with αGC. The "serial" production of IFN-γ by NKT cells and NK cells has been demonstrated (6, 26) . In particular, a C-glycoside analog of αGC has recently been shown to induce Th1-type activity superior to that induced by αGC, and IL-12 is indispensable for the Th1-skewing effect of the analog (27) , indicating the importance of IL-12 in augmenting IFN-γ production in vivo (14, 28) . Interestingly, the C-glycoside analog induces production of IFN-γ and IL-4 by NKT cells less strongly than does αGC at 2 hours after in vivo administration. Given that αGC and C-glycoside analog have the same structure for their lipid tails, they might be expected to have comparable affinity for CD1d molecules, and the slightly "twirled" α-anomeric galactose moiety between C-glycoside and O-glycoside may modulate the agonistic effect of these glycolipids. Furthermore, the C-glycoside is more resistant to hydrolysis in vivo and may have an advantage for effective production of IL-12 by APCs. In fact, OCH induces marginal IL-12 production after in vivo administration (data not shown), which makes it unable to induce IFN-γ production by various cells. Therefore, the beneficial feature of OCH as an immunomodulator is that it does not trigger production of IFN-γ in vivo.
As described previously, NKT cells recognize glycolipid antigens in the context of the nonpolymorphic MHC class I-like molecule CD1d (4). Crystal structure analysis revealed that the mouse CD1d molecule has a narrow and deep binding groove with extremely hydrophobic pockets, A′ and F′ (29) . Thus the two aliphatic hydrocarbon chains would be captured by this binding groove of CD1d and the more hydrophilic galactose moiety of αGC or OCH would be presented to TCR on NKT cells. As OCH is an analog of αGC with a truncated sphingosine chain, it could be predicted that truncation of the hydrocarbon chain would make it more unstable on CD1d, which might then affect the duration of TCR stimulation on NKT cells. We demonstrated in this study that OCH detached from the CD1d molecule more rapidly than did αGC after a shortterm pulse in which the glycolipids were segregated from the endosomal/lysosomal pathway. Accordingly, we showed that the initiation of IFN-γ production by NKT cells required more prolonged TCR stimulation than was required for IL-4 production. Methods such as surface plasmon resonance were not appropriate for direct assessment of the interaction between glycolipids and CD1d, possibly because of unpredictable micelle formation and the poor solubility of glycolipids in aqueous solvents (30) . The half-life of the interaction of glycolipids and CD1d was reported to be less than 1 minute by surface plasmon resonance (31), contradicting functional assays suggesting a much longer half-life. Therefore, we applied a biological assay to evaluate the stability of these glycolipids on CD1d molecules, as described previously (13) .
The characteristics of OCH are somewhat analogous to those of an altered peptide ligand (APL) that has been shown to induce a subset of functional responses observed in intact peptide and, in some cases, induce production of selected cytokines by T cells (32) (33) (34) . Thus, OCH and possibly other αGC derivatives could be called "altered glycolipid ligands" (AGLs). Although the biological effects of APLs and AGLs could mediate a series of similar molecular events in target cells, it should be noted that APLs and AGLs differ in their "conceptual features." That is, APLs are usually altered in their amino acid residues to modify their affinity for TCRs, whereas AGLs have truncation of their hydrocarbon chain responsible for CD1d anchoring. This paper has highlighted the duration of NKT cell stimulation by CD1d-associated glycolipids as being a critical factor for determining the nature of AGLs for selective induction of cytokine production by NKT cells.
Given that IL-4 secretion consistently precedes IFN-γ production by NKT cells after TCR ligation, we speculated there were critical differences in the upstream transcriptional requirements for the IFN-γ and IL-4 genes in NKT cells. In support of this speculation, CHX treatment specifically inhibited the transcription of IFN-γ but not that of IL-4. In contrast, transcription of both cytokines was abolished by CsA treatment, indicating that TCR-mediated activation of NF-AT is essential for the production of both cytokines. TCR signal-induced NF-AT activation occurs promptly corresponding to calcium influx (35) . Meanwhile, the protein expression of specific transcription factors takes more time to accomplish. The requirement for prolonged TCR stimulation for initiation of IFN-γ transcription may be due to its dependency on specific gene expression. Recently, Matsuda et al. have shown using cytokine reporter mice that Vα14-invariant NKT cells express cytokine transcripts in the resting state, but express protein only after stimulation (22) . We obtained a similar result with our microarray analysis, in that many cytokine transcripts including IFN-γ and IL-4 were detectable in unstimulated NKT cells derived from liver or spleen, because most of them were assigned a "call" of "present" by the Affymetrix decision matrix, which means they were significantly expressed. The mechanism of translation of pre-existing cytokine transcripts after activation of NKT cells remains to be investigated.
Through microarray analysis and real-time PCR, we next identified a member of the NF-κB family of transcription factors, c-Rel, as being a protein rapidly expressed after αGC treatment and possibly responsible for the transcription of IFN-γ. Treatment with αGC selectively upregulated c-Rel transcription 1.5 hours after stimulation of NKT cells in vivo. OCH treatment, however, showed no induction of c-Rel transcription. Although c-Rel is transcriptionally upregulated after TCR stimulation of T cells (36) , transcription of other NF-κB family members such as p65/RelA, RelB, NF-κB1, and NF-κB2 was unchanged (data not shown). CsA treatment inhibited c-Rel transcription, but CHX did not, indicating that inducible transcription of c-Rel was directly controlled by TCR signal-mediated activation of NF-AT, which is consistent with a previous report (19) . Although the pre-existing NF-κB proteins in general provide a means of rapidly altering cellular responses by inducing the destruction of IκB in order to enable NF-κB to be free for nuclear transloca- Whereas c-Rel has been associated with the functions of various cell types, its role in the immune system was first demonstrated in its involvement in IL-2 transcription (37), in which it possibly induced chromatin remodeling of the promoter (38) . Recently, the promoters for the genes encoding IL-3, IL-5, IL-6, TNF-α, GM-CSF, and IFN-γ were shown to contain κB sites or the κB-related CD28RE. Gene targeting of c-Rel in mice revealed that c-Rel-deficient T cells have a defect in the production of IL-2, IL-3, IL-5, GM-CSF, TNF-α, and IFN-γ, although expression of some of the cytokines was rescued by the addition of exogenous IL-2 (39, 40) . Regarding the involvement of c-Rel in IFN-γ production, the c-Rel inhibitor pentoxyfylline (41) selectively suppresses Th1 cytokine production and EAE induction (42) , and transgenic mice expressing the trans-dominant form of IκBα have a defect in IFN-γ production and the Th1 response (43) . Recently, an elegant study using c-Rel-deficient mice revealed c-Rel has crucial roles in IFN-γ production by activated T cells and conse- quent Th1 development by affecting the cellular functions of both T cells and APCs (20) .Thus, the critical involvement of c-Rel for IFN-γ production in NKT cells is consistent with these findings.
Our results indicate that rapid calcium influx and subsequent NF-AT activation is essential for IFN-γ production by activated NKT cells and that c-Rel plays a crucial role in IFN-γ production as well. NF-AT shows quick and sensitive nucleocytoplasmic shuttling after TCR activation (35) . Feske et al. demonstrated that the pattern of cytokine production by T cells was determined by the duration of nuclear residence of NF-AT (44) and that sustained NF-AT signaling promoted IFN-γ expression in CD4 + T cells (45) . Considering the structural feature of αGC with longer lipid chain, sustained stimulation by αGC induces long-lasting calcium influx, resulting in sustained nuclear residence of NF-AT, and c-Rel protein synthesis, which enables NKT cells to produce IFN-γ. In contrast, the rather sporadic stimulation by OCH induces short-lived nuclear residence of NF-AT, followed by marginal c-Rel expression, which leaves NKT cells unable to produce IFN-γ (Figure 7) . Thus, the kinetic and quantitative differences between αGC and OCH in the induction of transcription factors, such as NF-AT and c-Rel, determine the pattern of cytokine production by NKT cells. As CD1d molecules are nonpolymorphic and are remarkably well conserved among the species, the preferential induction of IL-4 production through NKT activa- tion and subsequent Th2 polarization suggest that OCH may be an attractive therapeutic reagent to use for Th1-mediated autoimmune diseases such as multiple sclerosis and rheumatoid arthritis.
